We investigate the Λ(1520, 3/2 − ) ≡ Λ * photoproduction off the proton target beyond the resonance region within a model including the Regge contributions, the tree-level diagrams with the nucleon and the certain resonance intermediate states and one contact term. The Reggeized propagators for the K and K * exchanges in the t channel are employed in a gauge-invariant manner. We compute the angular and energy dependences of the cross section and some polarization observables, such as the photon-beam asymmetry and the polarization-transfer coefficients. Our results qualitatively agree with the current experimental data. We find that the Regge contributions are necessary to explain the high-energy data beyond Eγ ≈ 4 GeV, especially for the angular dependences in the forward region. On the contrary, the polarization observables are insensitive to the Regge contributions due to the contact-term dominance which is a consequence of gauge invariance. We also calculate the K − -angle distribution function in the Gottfried-Jackson frame, using the polarization-transfer coefficients in the z direction. We find that it owns a complicated angle and energy dependences in the forward K + scattering region.
I. INTRODUCTION
The photoproduction of hyperons off the nucleon target, γN → KY is important in hadron physics because it reveals the strangeness-related interaction structures of hadrons. There have been abundant experimental and theoretical efforts dedicated to it. Many experimental collaborations, such as CLAS at Jafferson laboratory [1] [2] [3] , LEPS at SPring-8 [4] [5] [6] [7] , etc, have performed energetic research activities for the Λ, Σ, and Ξ photoproductions. Up to the resonance region √ s 3 GeV, a simple hadronic model including the tree-level diagrams with the nucleon and the certain resonance intermediate states has successfully explained the experimental data [8] [9] [10] [11] [12] . Although there are more complicated higher-order contributions such as the finite-state interactions [13] or hadronic loops [14] , but one can reach the agreement between the model result and the data without those high-order contributions.
However, this simple model is hardly applied to high-energy regions, because it is only valid at relatively low energy. On the other hand, it is well known that various reactions at high energy and low momentum transfer have been well described by Regge theory. Therefore, to extend our model to higher energy without the sacrifice of the satisfactory description of the low energy data, mesonic Regge trajectories, corresponding to all the meson exchanges with the same quantum numbers but different spins in the t channel at tree level, were employed [15] [16] [17] . This Regge description is supposed to be valid in the limit (s, |t| or |u|) → (∞, 0) [18] . Even in the resonance region, it has been argued that the Regge description is still applicable to a certain extent [17, 19] .
In this article, we investigate the Λ(1520, 3/2 − ) ≡ Λ * photoproduction off the proton target, γp → K + Λ * , beyond the resonance region with an extended model including the original hadronic model and the interpolated Regge contributions. This reaction has been intensively studied by CLAS and LEPS collaborations recently. As shown in Refs. [8] , up to the resonance region, this production process is largely dominated by the contact-term contribution. This interesting feature supported by the experiments [4, 20] is a consequence of gauge invariance in a certain description for spin-3/2 fermions, i.e. the Rarita-Schwinger formalism [21, 22] . The contact-term dominance simplifies the analyses of the production process to a great extent. For instance, according to it, 1) one can expect a significant difference in the production strengths between the proton-and neutron-target experiments as long as the coupling strength g K * N Λ * is small [8] , and 2) the computation of the polarization-transfer coefficients is almost without any unknown parameter [9] .
To date, there have been only a few experimental data of the Λ * photoproduction off the proton target [4, 6, 23, 24] . Among them, Barber et al. for LAMP2 collaboration explored the process up to E γ ≈ 4.8 GeV [23] , whereas Muramatsu et al. for LEPS collaboration did it up to 2.4 GeV [4] . Both of them were focusing on the resonance region below √ s 3 GeV. Hence, as done in Ref. [8] , a simple model with the Born diagrams accompanied with the contact-term dominance can reproduce the data qualitatively well. However, at E γ = 11 GeV as done by Boyarski et al. [24] , this simple model fails in the forward region. Nevertheless it still agrees with the data qualitatively well beyond |t| ≈ 0.2 GeV 2 . To solve this discrepancy in the high-energy forward region, we are motivated to introduce the Regge description which contributes significantly in the limit (s, |t|) → (∞, 0) by construction. Assuming that the Regge contributions still remain non negligible in the limit (s, |t|) → (s threshold , finite), we introduce an interpolating ansatz between the two ends. After fixing the parameters including a cutoff mass for the form factors, it is straightforward to calculate all the physical observables. We then present the (σ and dσ/dΩ as a function of E γ ) and angular dependences (dσ/dt and dσ/dΩ as a function of θ), photon-beam asymmetry (Σ), and polarization-transfer coefficients (C x,1/2 , C x,3/2 , C z,1/2 , and C z,3/2 ) of the production process. Here, θ stands for the angle between the incident photon and outgoing kaon in the center of mass frame. Furthermore the K − -angle distributions function, F K − in the GottfriedJackson frame using C z,1/2 and C z,3/2 are also calculated. This article is organized as follows: In Section II, we provide the general formalism to compute the Λ * photoproduciton. Numerical results are given in Section III. Finally, Section IV is for summary and conclusion.
II. GENERAL FORMALISM A. Feynman amplitudes
The general formalism of the γ(
reaction process is detailed here. The relevant Feynman diagrams are shown in Fig. 1 . Here, we include the nucleon-pole and nucleon-resonance contributions in the s-channel, Λ * -pole contribution in the u-channel, K-and K * -exchanges in the t-channel, and the contact-term contribution. The relevant interactions are given as follows:
where e h and e Q stand for the electric charge of a hadron h and unit electric charge, respectively. A, K, K * , N , and Λ * are the fields for the photon, kaon, vector kaon, nucleon, and Λ * . As for the spin-3/2 fermion field, we use the Rarita-Schwinger (RS) vector-spinor field [21, 22] . We use the notation σ · F = σ µν F µν , where σ µν = i(γ µ γ ν − γ ν γ µ )/2 and the EM field strength tensor
κ N,Λ * denotes the anomalous magnetic moments for N and Λ * . Although the spin-3/2 Λ * has four different electromagnetic form factors F 1,2,3,4 as shown in Eq. (1), we only take into account the dipole one (F 2 ≡ e Q κ Λ * ) but ignore the monopole (F 1 ≡ e Λ * = 0), the quadrupole (F 3 ), and the octupole (F 4 ) ones, since their contributions are negligible [25] . Using the γKK * interaction given in Eq.
(1) and experimental data [26] , one can easily find that g γK * ± K ∓ = 0.254/GeV. The strength of the g KN Λ * can be extracted from the experimental data of the full and partial decay widths: Γ Λ * ≈ 15.6 MeV and Γ Λ * →KN /Γ Λ * ≈ 0.45 [26] . The decay amplitude for Λ * →KN reads:
where pK N indicates the three momentum of the decaying particle which can be obtained by the Källen function for a decay 1 → 2, 3 [26] :
Here M i stands for the mass of the i-th particle. Substituting the experimental information into Eq. (2) and using Eq. (3), one is led to g KN Λ * ≈ 11. As for the K * N Λ * interaction, there are three individual terms [10] , and we defined a notation
Since we have only insufficient experimental and theoretical [27] information to determine all the coupling strengths for G 1,2,3 , we set G 2 and G 3 to be zero for simplicity. The scattering amplitudes for the reaction processes have be evaluated as follows:
where s, t, and u indicate the Mandelstam variables, while , u 1 , and u µ 2 denote the photon polarization vector, nucleon spinor, and RS vector-spinor, respectively.
Since hadrons are not point-like, it is necessary to introduce the form factors representing their spatial distributions. It is rather technical to include the form factors at the same time to preserve gauge invariance of the invariant amplitude. For this purpose, we employ the scheme developed in Refs. [28, 29] . This scheme preserves not only the Lorentz invariance but also the crossing symmetry of the invariant amplitude, on top of the gauge invariance. Moreover, it satisfies the on-shell condition for the form factors: F (q 2 = 0) = 1. In this scheme, the form factors F s,t,u,v are defined generically as:
Here, M s,t,u are the masses of the off-shell particles in the (s, t, u)-channels. Λ stands for a phenomenological cutoff parameter determined by matching with experimental data. The common form factor F c , which plays a crucial role to keep the gauge invariance, reads:
It is clear that the F c satisfies the on-shell condition when one of F s and F t is on-shell. We note that there are several different gauge-invariant form factors, as suggested in Ref. [30] . The choice of the scheme brings some uncertainty which is numerically negligible.
B. Resonance contribution
There is little experimental information on the nucleon resonances coupling to Λ * . The situation is even worse for the hyperon resonances decaying into γΛ * . Only some theoretical calculations have provided information on the decays [31, 32] . Unlike the ground state Λ(1116) photoproduction there nucleon and hyperon resonances play important roles to reproduce the data [11] , the Born terms alone are enough to explain the available experimental data for the Λ * photorpdocution [4, 23] . More dedicated experiments may show otherwise in the future. Keeping this situation in mind, we attempt to include nucleon resonance contributions using the result of the relativistic constituent-quark model calculation [31] . Among the possible nucleon resonances given in Ref. [31] , we only choose D 13 (2080) with the two-star confirmation ( * * ) but neglect S 11 (2080) and D 15 (2200) because that S 11 is still in poor confirmation ( * ), as for D 15 , we do not have experimental data for the helicity amplitudes which are necessary to determine the strength of the transition γN → N * [26] . Moreover the spin 5/2 Lorentz structure of D 15 bring theoretical uncertainties [33] . In the quark model of Ref. [31] , N * (1945, 3/2 − ) is identified as D 13 . However, we prefer to adopt the experimental value for the D 13 mass. Its transition and strong interactions are defined as follows:
where N * denotes the field for D 13 . The coupling constants f 1 and f 2 can be computed using the helicity amplitudes [10] : 
We obtain e Q f 1 = −0.19 and e Q f 2 = 0.19. The strong coupling strengths g 1 and g 2 are given by [10] :
Here the coefficients G 11,12,31,32 are defined as
where |k KΛ * | = 224 MeV in the decay process of
Employing the theoretical estimations on G 1 ≈ −2.6 √ MeV and G 3 ≈ −0.2 √ MeV given in Refs. [31, 32] , one has g 1 = −1.07 and g 2 = −3.75. Now the scattering amplitude for D 13 in the s-channel can be written as follows:
where Γ D13 is the full decay width and has large experimental uncertainty, Γ D13 = (87 ∼ 1075) MeV [26] . The preferred values for the PDG average locate at (180 ∼ 450) MeV. Considering this situation, as a trial, we choose Γ D13 ≈ 500 MeV. Actually there are only small differences in the numerical results even for sizable changes in Γ D13 . We find that the D 13 resonance contribution will become pronounced only if Γ D13 becomes far narrower as lower than ∼ 100 MeV. However, such a narrow nucleon resonance is unlikely to exist unless there are unusual production mechanisms for the resonance such as the exotics. Therefore through this article we keep Γ D13 = 500 MeV.
C. Regge contributions
In this subsection, we explain how the Regge contributions are implemented in the Λ * photoproduction. As done in Refs. [15] [16] [17] , considering the pseudoscalar and vector strange-meson Regge trajectories, we replace the K and K * propagators in Eq. (4) as follows:
Here α K,K * indicate the slopes of the trajectories. α K and α K * are the linear trajectories of the mesons for even and odd spins, respectively, given as functions of t assigned as
Here is a caveat; in deriving Eq. (14), all the even and odd spin trajectories are assumed to be degenerate, although in reality the vector-kaon trajectories are not degenerated [15, 16] . Moreover, for convenience, we have set the phase factor for the Reggeized propagators to be positive unity as done in Ref. [17] . The cutoff parameter s 0 is chosen to be 1 GeV [15, 16] . Hereafter, we use a notation iM Regge for the amplitude with the Reggeized propagators in Eq. (13). If we employ these Reggeized propagators in Eq. (13) for the invariant amplitude in Eq. (4), the gauge invariance is broken. Fortunately, the K * -exchange contribution is not affected since it is gauge invariant by itself according to the antisymmetric tensor structure:
Hence, it is enough to consider the K-exchange, electric s-channel, and contact-term contributions which are all proportional to F c as shown in Eq. (4). This situation can be represented by
resulting in the breakdown of gauge invariance of the scattering amplitude. To remedy this problem, we redefine the relevant amplitudes as follows [15, 16] :
It is easy to show that Eq. (16) satisfies the gauge invariance:
Considering that the Reggeized propagators work appropriately for (s, |t|) → (∞, 0) and assume that the Regge contributions survive even in the low-energy region (s, |t|) → (s threshold , finite), it is natural to expect a smooth interpolation between two regions. The meson propagators are supposed to smoothly shifted from D K,K * for s s Regge to a usual one for s s Regge . Here, s Regge indicates a certain value of s from which the Regge contributions become effective. Similar consideration is also possible for |t|, and we can set t Regge as well. Hence, as a trial, we parametrize the smooth interpolation by redefining the form factors in the relevant invariant amplitudes in Eq. (4) as follows:
where
Here, s 0 and t 0 denote free parameters to make the arguments of tanh in Eq. (18) dimensionless. It is easy to understand that R s goes to unity as s → ∞ and zero as s → 0 around s Regge , and R t zero as |t| → ∞ and unity as |t| → 0 around t Regge . These asymptotic behaviors of R s and R t ensure thatF c,v in Eq. (17) interpolate the two regions smoothly as shown in Figure 2 where we plot R as a function of s and |t|, showing that R approaches to unity as s → ∞ and |t| → 0 with arbitrary choices for (s, t) Regge = (s, t) 0 = (1, 1) GeV 2 . We will determine the parameters, (s, t) Regge and (s, t) 0 , with experimental data in the next Section.
III. NUMERICAL RESULTS
Here we present our numerical results. First, we label two models in Table I . The model A represent our full calculation includes the Regge contributions. The model B includes the Born diagrams and the nucleon-resonance contribution from D 13 only. Throughout this article, the numerical results from the model A will be represented by solid lines, whereas dashed lines will be for the model B.
There are several free parameters in our model. One is the vector-kaon coupling constant g K * N Λ * . Its value was determined from the unitarized chiral model [27] . It is considerably smaller than g KN Λ * . Actually the experimental data from Ref. [4] showed that the K * -exchange contribution must be far smaller than that of the contact term. As discussed in Refs. [8, 9, 12] , the effect from the K * -exchange contribution with various choices of g K * N Λ * turns out to be not so essential.
In contrast, we note that the K * − exchange contributes significantly to the photon-beam asymmetry (Σ) [12] . The experimental data of Σ are given in Refs. [4, 6] . For θ 60
• , the value of Σ was estimated to be −0.01 ± 0.07, indicating that g K * N Λ * is small [4] compared with that given in Ref. [12] . In Ref. [6] , it was also measured that −0.1 Σ 0.1 for 1.75 GeV ≤ E γ ≤ 2.4 GeV, and this result supports g K * N Λ * 1. Taking into account all of these experimental and theoretical results, it is safe to set g K * N Λ * ≈ 0. There is a similar hybrid approach [34] based on the quark-gluon string mechanism in high energy region. They also found that the K* exchange in t-channel is very small compared with the K exchange. Thus, we will drop the K * -exchange contribution from now on. Similarly, as shown in Ref. [8] , the different choices of the anomalous magnetic moment of Λ * , κ Λ * , does not make any significant numerical impact since the u-channel contribution is suppressed by the form factor F u in Eq. (5). Hence, we will set κ Λ * to be zero hereafter.
A. Angular dependence
We first study dσ/dt for the low-and high-energy experiments [23, 24] . The experiments were performed at E γ = (2.4 ∼ 4.8) GeV [23] and E γ = 11 GeV [24] . In (A) of Figure 3 (17) is necessary to explain the experimental data.
The parameters for (s, t) Regge and (s, t) 0 employed for drawing the curves in Figure 3 , are listed in Table II . Here, we have chosen s Regge = 9 GeV 2 which means that the Regge contributions become important for √ s > 3 GeV. The value of t Regge is rather arbitrary. We set t Regge = 0.1 GeV 2 because the physical situation changes drastically around this value. The other parameters, (s, t) 0 have been fixed to reproduce the data. We will adopt these values hereafter. Although the data of Ref. [24] in the vicinity of |t| ≈ 0 show a decrease with respect to |t|, we did not fine tune our parameters for it because of the large experimental errors and qualitative nature of this work. We also find that the D 13 contribution is almost negligible as long as we use the input discussed in the previous section. Now, we want to take a close look on the bump structure around |t| ≈ 0.2 GeV 2 shown in (B) of Figure 3 . Since the angular dependences of the cross section is largely affected by the common form factor, it is instructive to show F c (left) andF c (right) as functions of s and t in Figure 4 with the parameters listed in Table II. In the vicinity of small |t| 0.2 GeV 2 and large s 4 GeV 2 , the difference between two form factors become obvious, i.e. F c increases with respect to |t| monotonically, whileF c shows a complicated structure as we approach small |t| region. Moreover, we can clearly see a bump-like structure around |t| ≈ (0.1 ∼ 0.2) GeV 2 at large s region. This behavior ofF c cause the bump observed in the results for dσ/dt as depicted in Figure 3 . In other words, this structure is due to the Regge contributions for the high E γ region indeed. Hence we conclude that the present reaction process is still dominated by the contact-term contribution as in [8, 12] , and the Regge contributions modify it in the vicinity near |t| 0.2 GeV 2 beyond the resonance region.
In Figure 5 , we depict the numerical results for dσ/dt as a function of −t for the low-(A) and high-energy (B) regions for more various energies. One finds that the Regge contributions become visible beyond E γ ≈ 4 GeV in the small |t| region. As the photon energy increases the bumps emerge at |t| = (0.1 ∼ 0.2) GeV 2 , indicating the effects from the Regge contributions. In Figure 6 , we plot dσ/dΩ as a function of θ. As given in (A), we reproduce the experimental data qualitatively well for E γ = (1.9 ∼ 2.4) GeV, which represents the range of the photon energy of LEPS collaboration [4] , showing only negligible effects from the Regge contributions. The notations for the data correspond to the channels (KK, KN , andKN ) in the γN → KKN reaction process and analyzing methods (SB: side band and and MC: Monte Carlo). (B) of the figure 6 shows the high-energy behavior of dσ/dΩ for E γ = (2.9 ∼ 9.9) GeV. The Regge contributions become obvious beyond E γ ≈ 4 GeV, and the bump in the vicinity θ ≈ 10
• becomes narrower as E γ increases. The result od the model (B) is not shown here because it is almost identical to the one of model (A). 
B. Energy dependence
In Figure 7 we present the numerical results for the total cross section as a function of E γ from the threshold to E γ = 5 GeV. We observe only small deviation between the model A and B beyond E γ ≈ 4 GeV. It is consistent with the angular dependences as shown in the previous subsection. Obviously, there appear some unknown contributions at E γ ≈ 3 GeV and 4 GeV in the experimental data, which may correspond to nucleon or hyperon resonances not measured experimentally yet. For instance, at E γ ≈ 3 corresponding to √ s ≈ (2.5 ∼ 2.6) GeV, N * (2600, 11/2 − ) has been reported in Ref. [26] with the ( * * * ) confirmation. However, theoretical estimation for its coupling strength to Λ * is very small [31, 32] . In Figure 8 , we plot dσ/dΩ as a function of E γ for 120
• ≤ θ ≤ 150 • (A) and for θ = (150 ∼ 180)
• (B). The results of the model A and B coincide with each other because the Regge contribution is negligible in the low-energy region. Hence we only plot the numerical results of the model A. As for θ = (120 ∼ 150)
• (A), the theoretical result reproduces the data qualitatively well, whereas it deviates much from the experimental data for θ = (150 ∼ 180)
• (B). This deviation may signal a strong backward enhancement caused by unknown u-channel contributions which are not included in the present work. This strong backward enhancement is consistent with the increase in dσ/dΩ for θ = (100 ∼ 180)
• as shown in (A) of Figure 8 [4]. Although we do not show explicit results, we verified that, if we employ the simple Breit-Wigner form for a u-channel hyperon-resonance contribution as a trial, the increase in the backward region shown in (B) of Figure 8 can be reproduced. However, it is a rather difficult to reproduce the data of dσ/dΩ in the backward direction simultaneously. Since we lack information on the interaction structure of the trial u-channel contribution, we will leave this task as a future work.
C. Beam asymmetry
The photon-beam asymmetry defined in Eq. (19) can be measured in experiments using a linearly polarized photon beam:
where the subscripts ⊥ and denote the directions of the polarization which are perpendicular and parallel to the reaction plane, respectively. Here the reaction plane is defined by the y-z plane, on which the incident photon along the z direction and outgoing kaon reside. In (A) of Figure 9 , we show Σ as a function of θ for E γ = (1.9 ∼ 7.9) GeV. The low-energy behavior is consistent with the previous work [12] . As the energy increases, there appear a deeper valley around θ ≈ 100
• . This behavior is mainly due to the K-exchange contribution, since it is enhanced with respect to E γ and contains a term ∝ k 2 · . It becomes zero for dσ/dΩ ⊥ and finite for dσ/dΩ resulting in Σ → −1 as understood by Eq. (19) . Hence, unlike the angular and energy dependences the photon-beam asymmetry is largely affected by the K-exchange contribution. Interestingly, the model A and B produce almost the same results for all the energies. Therefore, we will plot only the numerical results of the model A hereafter. Considering that the sand u-channel are strongly suppressed in the present framework [8, 9, 12] and the gauge invariance of the invariant amplitude, the invariant amplitude can be simplified as,
Hence, in general, the form factorF c is factorized from the amplitude. In some quantity such as the ratio of the amplitude squared ∼ |M total | 2 its effect will be canceled. This cancelation occurs in the photon-beam asymmetry in Eq. (19) . In the Figure 9 , we show the experimental data from Ref. [4] , in which Σ was estimated −0.01 ± 0.07 for θ = (0 ∼ 60)
• for the LEPS photon-energy range E γ = (1.75 ∼ 2.4) GeV. We note that the numerical results are in good agreement with the data. There is a strong experimental support for the assumption of g K * N Λ * 1 for the proton-target case as mentioned already.
In (B) of Figure 9 , we draw Σ as a function of E γ for θ = 45
• and 135
• , andΣ defined as [12] , (17) and (18) .
where the factor 1/2 for normalization. As E γ increases, the absolute values of Σ andΣ become larger, since the K-exchange contribution is enhanced with respect to E γ as discussed above.
D. Polarization-transfer coefficients
In this subsection, the polarization-transfer coefficients C x and C z for the Λ * photoproduction are presented. The C x and C z are identified as the spin asymmetry along the direction of the polarization of the recoil baryon with the circularly polarized photon beam. Physically, these quantities indicate how much the initial helicity transferred to the recoil baryon polarized in a certain direction. First, we define the polarization-transfer coefficients in the (x , y , z ) coordinate, being similar to those for the spin-1/2 hyperon photoproduction as in Refs. [1, 35] :
where the subscripts r, 0, and ±S x, z stand for the right-handed photon polarization, unpolarized target nucleon, and polarization of the recoil baryon along the x -or z -axis, respectively. Since the photon helicity is fixed to be +1 here, the C x and C z measures the polarization transfer to the recoil baryon. Moreover, the C x and C z behave as the components of a three vector so that it can be rotated to the (x, y, z) coordinate as:
where the (x, y, z) coordinate stands for that the incident photon momentum is aligned to the z direction. Being different from usual spin-1/2 baryon photoproductions, we will have four different polarization-transfer coefficients, C x,1/2 , C z,1/2 , C x,3/2 , and C z,3/2 , due to the total spin states of Λ * . Note that, in terms of the helicity conservation, C (x,z),1/2 and C (x,z),3/2 should be zero and unity in the collinear limit (θ = 0 or 180
• ). More detailed discussions are given in Refs. [9, [35] [36] [37] [38] .
In Figure 10 , we depict the results of the polarization-transfer coefficients as functions of θ for E γ = 2.4 GeV (A), 2.9 GeV (B), 3.4 GeV (C), 3.9 GeV (D), 4.4 GeV (E), and 4.9 GeV (F). Similarly to the photon-beam asymmetry, the Regge contributions are washed away again in these physical quantities, due to the same reason for the pohton-beam asymmetry understood by Eq. (22) . Therefore the results of the model A and B show only negligible differences. It is quite different from the spin-1/2 Λ(1116) photoproduction, in which a simple Regge model described experimental data qualitatively well [2] . The difference between the Λ(1116) and Λ * photoproductions can be understood by the contact-term dominance in the later one. Moreover, the effects from resonances are of greater importance in the Λ(1116) photoproduction [11] , than that of Λ * [9] . Consequently, it is unlikely to have similar cancelation occurring in Λ(1116) photoproduction due to its complicated interference between the Born and resonance contributions.
As discussed in [9] , the shapes of the polarization-transfer coefficients are basically made of the contact-term contribution which provides symmetric and oscillating curves around zero and unity [9] . The symmetric shapes are shifted into those shown in the Figure 10 , because of the θ-dependent K-exchange contribution providing complicated structures around cos θ ≈ 0.5. Interestingly, the results show that the shapes of the curves remain almost the same for all the the values of E γ . Obviously visible differences start to appear for E γ ≥ 3.9 GeV in the vicinity near cos θ = −0.5. We show the results of the polarization-transfer coefficients as functions of E γ in Figure 11 for the two different angles, θ = 45
• (A) and 180
• (B). Again the Regge contributions are negligible as expected.
Our last topic is the K − -angle distribution function [4, 23] which is the angle distribution of K − decaying from Λ * (Λ * → K − p) in the t-channel helicity frame, i.e. the Gottfried-Jackson frame [39] . From this function, one can tell which meson-exchange contribution dominates the production process. According to the spin statistics, the function becomes sin 2 θ K − for Λ * in S z = ±3/2, whereas 1 3 + cos 2 θ K − for Λ * in S z = ±1/2. As in Ref. [4, 40] , considering all the possible contributions, we can parametrize the function as,
where F K − denotes the distribution function for convenience. The coefficients A and B stand for the strength of each spin state of Λ * with the normalization A + B = 1. In principle there would be other hyperon contributions beside Λ * so that one can add an extra term to Eq. (24) representing the interference effects. However, we ignore this issue here for simplicity.
Before going further, it is worth mentioning about the experimental status for the quantity in hand. Note that each experiment provided a bit different result for F K − . From LAMP2 collaboration [23] , it was shown that K − decays mostly from Λ * in S z = ±3/2 state, showing a curve of F K − being close to sin 2 θ K − for θ = (20 ∼ 40)
• (A = 0.880±0.076 taken from Ref. [4] ). On the contrary, using the data of electroproduction of Λ * , CLAS collaboration showed rather complicated curves for F K − which is more or less close to that for the S z = ±1/2 state (A = 0.446 ± 0.038 [4] ) [40] . Most recent experiment performed by LEPS collaboration, provided F K − for two different θ-angle regions, θ = (0 ∼ 80)
• and θ = (90 ∼ 180)
• . From their results, F K − looks similar to that for the S z = ±3/2 state in the backward region (A = 0.631 ± 0.106 via the side-band method [4] ), whereas it shifts to the considerable mixture of the two states in the forward one (A = 0.520 ± 0.063 [4] ).
Here we want to provide our estimations on F K − . Since the outgoing kaon (K + ) carries no spin, all the photon helicity is transferred to Λ * through the particle exchanged in the t-channel, Hence, it is natural to assume that the polarization-transfer coefficients in the z direction should relate to the strength coefficients A and B. Therefore, we express A and B in terms of C z,1/2 and C z,3/2 as follows:
In other words, A denotes the strength that Λ * is in its S z = ±3/2 state, and B for S z = ±1/2. In Figure 12 , we depict F K − as a function of cos θ and cos θ K − at E γ = 2.25 GeV (first row), 2.35 GeV (second row), and 4.25 GeV (third row) for cos θ = (0 ∼ 1) (right column) and cos θ = (0 ∼ −1) (left column). In the figure, we use the notation θ K + = θ. In general, we observe complicated mountains in the forward region, whereas the backward region shows simple sine curves (∝ sin 2 θ K − actually) for all the photon energies. In the vicinity near θ = 0, there is an area in which F K − ∝ sin 2 θ K − . However, this area is shrunk as E γ increases. Just after this region, we face a second region where
Again, this second region becomes narrower as E γ increases. After these regions and until θ ≈ 180
• , F K − behaves as sin 2 θ K − . From these observations, we conclude that the shape of F K − depends much on the value of cos θ in the forward region, but insensitive to that in the backward one. In other words, unless we specify θ in the forward region, the shape of F K − can hardly be determined.
In (A) of Figure 13 , F K − is plotted as a function of cos θ K − for E γ = 2.25 GeV, 3.25 GeV, and 4.25 GeV at θ = 45
• . In the backward region represented by θ = 135
• , the curves for F K − are similar to each other ∼ sin 2 θ K − , as expected from Figure 12 . On the contrary, they are quite different in the forward region represented by θ = 45
• , depending on E γ . This can be understood easily by seeing the left column of Figure 12 ; the curves, which are proportional to sin 2 θ K − or 1 3 + cos 2 θ K − , are mixed, and the portion of each contribution depends on E γ . In (B), we compare the numerical result for E γ = 3.8 GeV at θ = 20
• with the experimental data taken from Ref. [23] for E γ = (2.8 ∼ 4.8) GeV and θ = (20 ∼ 40)
• . We normalize the experimental data with the numerical result by matching them at θ K − = 90
• approximately. The theory and experiment are in a qualitative agreement,
Although we did not show explicitly, theoretical result for F K − changes drastically around θ = 25
• . At θ ≈ 30
• , the curve becomes ∼ 1 3 + cos 2 θ K − . This sudden change is consistent with the second row of Figure 12 . Similarly, we show the comparisons in (C) and (D) for θ = 45
• , respectively, for E γ = 2.25 GeV with Ref. [4] for E γ = (1.75 ∼ 2.4) GeV and θ = (0 ∼ 180)
• . Again, we normalized the experimental data to the numerical result for the backward-scattering region (D) as done above. Then, we used the same normalization for the forward-scattering region (C). As shown in (C), the experiment and theory start to deviate from each other beyond cos θ K − ≈ −0.2. In Ref. [4] , it was argued that there can be a small destructive interference caused by the K * -exchange contribution to explain the experimental data shown in (C). However, this is unlikely since that of K * exchange only gives negligible effect on C z,1/2 and C z,3/2 [9] . Hence, we consider the large deviation in (C) may come from the interference between Λ * and other hyperon contributions which are not taken into account in the present work. As in the backward region, F K − shows a curve ∼ sin 2 θ K − , and the experimental data behaves similarly. We list numerical values of A calculated using Eq. (24), in Table III for θ = 45
• . Although we have not considered the interference, for these specific angles, present theoretical estimations on A are very similar to those given in Ref. [4] as seen in the table.
IV. DISCUSSION AND SUMMARY
In this article, we have investigated the Λ * photoproduction off the proton target within a hadronic model including the tree-level diagrams with the nucleon and the certain resonance intermediate states and the Regge contributions. We computed the energy and angular dependences of the cross section and the polarization observables in the production process. We employed the gauge-invariant form factor scheme developed in Refs. [28] [29] [30] . Taking into account the fact that the Regge contributions become important at (s, |t|) → (∞, 0) and remain non negligible even for (s, |t|) → (s threshold , finite), we adopt an interpolating ansatz to incorporate the physical situations. With the inclusion of the Regge contributions, we followed the prescription of Refs. [15] [16] [17] to preserve the gauge invariance. The common form factor F c is also replaced by the one modified by the Regge contributions. The important observations in the present work are summarized as follows:
• All the physical observables computed are comparable with the current experimental data except the data of the energy dependence at very backward direction.
• The Regge contributions are necessary to explain the experimental data such as the angular dependences in the high-energy region.
• From our results, the Regge contributions become significant beyond E γ 4 GeV in the forward region, |t| 0.2 GeV 2 .
• Bump structures appear in the angular dependences of the cross section in the forward regions above E γ ≈ 4 GeV, which is due to the Regge contributions.
• The K * -exchange contribution can be ignored rather safely. The D 13 contribution turns out to be very small with the parameters extracted from current data and the quark model calculation [31] .
• The polarization observables are insensitive to the Regge contributions because the cancelation of the relevant form factors. This can be understood by the contact-term dominance as a consequence of the gauge invariance.
• The photon-beam asymmetry Σ is largely dominated by the K-exchange contribution. The polarization-transfer coefficients is determined by the contact term contribution and the θ-dependent K-exchange effect.
• The K − -angle distribution function, F K − shows the mixture of the curves proportional to sin 2 θ K − or 1 3 + cos 2 θ K − for the forward K + scattering region. In the backward region, it remains almost unchanged over θ, showing the curve proportional to sin 2 θ K − , indicating the spin-3/2 state of Λ * manifestly.
It was reported that LEPS and CLAS collaborations have planned to upgrade their photon energies up to E γ ≈ 3 GeV (LEPS2) and 12 GeV (CLAS12 especially for GPD physics), respectively. Although the LEPS upgrade energy is not enough to see the Regge contributions which starts to be effective over E γ ≈ 5 GeV, it is still desirable because the low-energy data is important to test whether the Regge contributions are absent or not up to that energy, comparing with the present theoretical results. Moreover, their linear and circular polarization data will be welcomed [41] . Since the angular and polarization observables show significantly different behaviors for the Regge contributions, the measurements of these quantities beyond E γ ≈ 4 GeV must be a crucial test of our model whose essence is the contact-term dominance in terms of gauge invariance. In addition, the theoretical estimations on the coefficient A of F K − will be a good guide to analyze the experiments.
As mentioned already, there are still rooms to accommodate unknown s-and u-channel contributions which may improve the agreement between present model and the experimental data to a certain extent. In particular, the u-channel physics may play an important role in reproducing the rise in the backward region. Related works are underway and will appear elsewhere. [4] . In (B), we plot it for Eγ = (2.9 ∼ 9.9) GeV. The model A and B are explained in the text. • , whereas the right column the backward region, θ = (90 ∼ 180)
• . Here, θ = θ K + . • and 135
• in (A). In (B), we compare the numerical result for Eγ = 2.25 GeV and θ = 30
• with the experimental data taken from Ref. [23] . Similarly, we show the comparisons in (C) and (D) for θ = 45
• , respectively, with Ref. [4] . See the text for details.
